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(57) Abstract 

A coupling coefficient is a measure of the effectiveness with which a shape-changing material (or a device employing such a 
material) Serfs ^ energy in an imposed signal to useful mechanical energy. Device coupling coefficients are properties of the dev.ee 
% Taflugh Sated to tlfmaterial coupling coefficients, are generally different from them. Th s invention describes a C £s erf .devices 
wherein the apparent coupling coefficient can, in principle, approach 1.0. correspondmg to perfec .electromechanical energy convers on^The 
keyfcTture of ihis class of dfvices is the use of destabilizing mechanical pre-loads to counter inherent stiffness. The approach ,s illustrated 
for piezoelectric and thermoelectrically actuated devices. The invention provides a way to simultaneously increase both d.splaament and 
force, distinguishing it from alternatives such as motion amplification, and allows transducer designers to achieve substant.al performance 
gains for acruator and sensor devices. 
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A Transducer Having a Coupling Coefficient Higher Than its 
Active Material 



This Application claims priority from Provisional Application 60/039,484, 
filled" February 28, 1997. The United States Government has rights under 
this Application as a result of support of development of the invention 
described herein by NASA Langley Research Center (NASI-20205) and the 
Office of Naval Research (N00014-96- 1-1173) . 

FIELD OF THE INVENTION 

This invention relates to transducer devices and, more particularly, 
to piezoelectric devices which exhibit enhanced coupling coefficients. 

RACKGROUND OF THE INVENTION 

Many mechanical transducers employ shape-changing materials as an 
integral part of their construction. An example of a material exhibiting 
such behavior is a piezoelectric ceramic. In the case of actuators, shape 
changes or strains, are the result of the application of an imposed 
external signal, such as an electric field. Device performance depends 
intimately on the ability of these materials to convert energy from one 
form to another. One measure of the effectiveness with which a material or 
device converts the energy in an imposed signal to useful mechanical energy 
is the coupling coefficient. 

..... - ™ definitions* a cpup^ing. .coefficient . is the following: the ratio of 
the energy converted to that imposed is equal to the square of the coupling 
coefficient^ *. Thus, no' material coupling coefficient can be greater, than 
i o ■ ai this represents the limit of 100% conversion of imposed energy to 
mechanical.;ienergy.. , in addition, as the result of the ability, to impose 
signals in .different ways, as well as the ability of a material to straxn, 
in different ways, any material has multiple coupling coefficients 
" corresponding to different modes of excitation and response. The largest, 
■ coupling coefficients for piezoelectric ceramic materials are on the order 
of \/0.7, corresponding to energy conversion. factors of about SO,., 
Considerable research has: addressed the .development of new materxal 
compositions that might exhibit highe, electromechanical coupling. See: 
Cross et al., "Piezoelectric and Electromotive Materials for Transducer 
Applications", 1991 ' Annuel Report, ONR Contact. No. N00014-8W-1689. 



-Devices made using such actiW material* are also said to have coupling 
coefficients. These are properties' of ^ device and, although related to 
the material coupling cbef f icientfc, are generally different from them. 

Various device coupling coefficients can also be defined, corresponding to 
specific modes of excitation and response. Accepted desigri guidelines 
suggest two ways to maximize device (and composite material) coupling 
coefficients: 1) ■ use- a material with high inherent coupling; and 2) 
configure the device s6 as t* best use the available material coupling. 
See- Wallace et al, , • "The : K6y Design Principle for Piezoelectric 
ceramic/Polymer Composites," Recent -Advances in Adaptive and Sensory 

. Materials and Their' Application*, pp. 825-838, April 27-29, 1992; and 

Smith, et "Maximal ■ Electromechanical Coupling in: Piezoelectric 

Ceramics-Its Effective Exploitation in Acoustic Transducers," 
Ferroelectrics, 134, pp. 145-150, 1992. 

Considerable research has addressed 'ways exploit, material . coupling, 
resulting in devices such as the "moonie". see U . S . , Patent 4,999,819. It 
is commonly held that no device coupling coefficient can be greater than 
the largest coupling coefficient of the active material used in the device. 

PIEZOELECTRIC COUPLING COEFFICIENTS 

Piezoelectric Material Coupling 

The behavior of piezoelectric materials involves coupled mechanical 
and electrical response. The constitutive equations of a linear 

piezoelectric material can be expressed in terms of various combination of 
mechanical and electrical quantities (st rW^ or stfairi, electric field or 
electric displacement). In light of the popularity of the modern 
displacement-based finite element method, the constitutive equations used 
herein employ the strain and electric fields. (Strain is related to the 
gradient of the mechanical displacement field, while electric field is the 
gradient of the electric potential field.) In condensed matrix notation, 
the nine constitutive equations for a typical piezoelectric ceramic 
material are: 



(1) 



where :T is : the stress vector; S 'is 'the strain Vector (6 components each) ; 



D is the electric displacement vector; 



2 
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E is the electric field vector (3 components each) ; 

C E is a matrix of. ela,tic : coefficient, (at constant electric field); 
e is a matrix of piezo^lectxic. coef f icients ; and 

' eS, is. a, matrix of .dielectric permittivities (at constant strain)... 

Simple Strain. / Electric .Field Patterns, ... 

' ' • mai-^ria's- may sometimes be assumed to 

In engineering analysis, materia.^., may 

.^Uc^,«^>.;-«-"^- J*^. ^ W .« efficients 

.*«u-»-..fv.— co ,, pil „ g . ct> e S£ ici=n U -.^b. found 

, -becc^e ^ca-laxs. p.The. corresponding -single coup-ii g. 



from either 
The 



nnen-circuit (constant electric 
Tne difference between the open circus 

.^ffness (c D ) and the short circuit ( constant electric 
displacement) slirtness i<- ) ...... 

field) stiffness (c E ) : : . • . 



(2) 



The difference between the free (constant stress) permittivity <*> 
, and the' bltfcKed (constant strain) permittivity (r. s ) 

. - •'(^j.,, - ^ ' 7 \,\" , w 

Eigen Strain / Electric^ ^.PaUerns.,^ ,. ^ 

Eigenanalvsis I ' ^sti^~ equations for a. typical 

piezoelectric ceramic' material reveals that only three characteristic 
strain/electric field patterns exhibit electromechanical coupling. Because 
each stress / electric displacement pattern is related to the corresponding 
strain / electric field pattern by a scalar (the eigenvalue) ^-xd».l 
patterns may be considered to be effectively one-dimensional ; the total 
electromechanical system may then be. cpnsidered as a set of parallel one- 
dimensional systems.' When the, conventional, coordinate system „ used ( 3 
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the poling direction, and "1-2" the plane of isotropy) , the three patterns- 
which exhibit electromechanical coupling involve the three components of 
t'he electric field vector individuai'fy;'" the first two involve shears in 
planes normal to the plane of isotropy, and the third involves a 
combination of all three normal strains. For many materials, the coupling 
coefficient associated with each of these three eigen patterns is about 
0.70. 

Arbitrary Strain / Electric Field Patterns. , 

An effective coupling coefficient may be defined for an arbitrary 
quasistatic electromechanical state of the material from energy 
considerations. For the selected form of the constitutive equations (block 
skew symmetric), the total energy density is . the : sum of the mechanical 
(strain) energy density and the electrical (dielectric) energy density: 

■ U^U^U^. '. ^re^^^^ls^- • -■ ^ ■ ^- (4) 

'Although with this ' Sorm of the ' constitutive^ equations • there is n6 "mutual- 
energy : density, ^a- ^one-way coupled'' energy density may be defined as: 

; - Umm =^} r w{5}=|#[^} ; :/ 1 ' /; , , ' t ;' : . „ 

'„ ith these definitions, an effective coupling. ^efficient for an arbitrary 
electromechanical state may be deftned as:. . . . . : ,.- r ■>■?..;■■;:■<-■ 

2 U <*"V K coop 

U^'U^fU^ . . ....... 

Of ' course; this relation is imost meaningful., >.»,, the state considered 
corresponds to a quasistatip.; equilibrium attained as the ..result . of some 
electromechanical loading process starting from zero initial conditions. 
Also, since any electromechanical state of the material can be expressed as 
a linear combination of the eigen patterns discussed in the preceding, the 
coupling coefficient associated with an arbitrary state cannot be greater 
than the largest eigen coupling coefficient. 

When the electromechanical loading process corresponds to purely 
electrical or .. purely mechanical loading., special, cases of Eg, 6 may be 
developed. In that case, the total energy is equal to the work done by the 
loading system, and the transduced energy is equal to the one-way coupled 



energy def ined in Eq... 7. , f,; : / '' : 1 

expressed .as: ^ ■ "* 

■'.^ ^ /where ; ^" W^iP&'UL <7> 

For pur ely mechanical loading, the coupling coefficient may be 
expressed as: 



^ ' ' where';; ; ; ' , ... < 8 > 



Piezoelectric Device Coupling. - ^ _ ( 

' The stiffness of non-active elements tends to reduce device coupling 

. vtf' , <*ft££±«Ufct** < -be£ini-fcions-- > of coupling 

; coefficients^: relative to itwteri.il, cipefta^e 
coefficients for* piezoelectric devices must also recognize that he 

.electromechanical W^BHBiW ^ ^ 

devi ce. .Versions of,, any. . of ^..preced^ng. , e^v^ased ^ definitions of 
device. - c 7 R\ mav be applied to devices, so 

material coupling coefficients (Eqs. 6, 7, 8) may be a p 

Jeng „ the work and energy quantities are considered for the entire device 
Z example, energy densities must he -egrated over the ^ 



Further if the electronical equations describino the *»« » 

methods analogous to the simple m^eiial -oefneie 
(stiffness), and 3 (capacitance)) may also be used with success. 

Piezoelectric devices are often used dynamically, to induce or to 
sense motion. In that case, a dynamic definition of coupling 
may be obtained for each combination of electrical leads and natural 
vibration' modes, based on ^the difference between the open-circuit natural 
vibration frequency (.0, and the short circuit natural vibration frequency 



Note that under static* homogeneous, conditions ,, this, reduces to Eq. 2. 



(9) 
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Prior Art Bimorph Transducers. 

* = nrinr art bimorph actuator which 
Fig. 1 shows a schematxc of a prior art Dimo P 

co^e! a.ase ^ 10 of ^-piezoelectric ma^ial w*h 2 

and 14 of piezoelectric material bonded to its opposing faces. In th -o-t 

coin configurations, the piezoelectric components are — 

■ . cs that ate po led in the direction normal to the plane of base 
piezoceranu.es that are pole ele ctrical excitation in 

no The bimorph operates in such a way that eiectn 
rrpolC Action the ...» «. -d ». - 

Zu^a .v drivin, the pi.^.ciric ~ m — 

causing on. to «t«d .»d =n. to contract. The actuator of Fx, 1 canb. 

! . r „ . t „„,»„cer by monitors vojt.c.. that - ... indued » 

converted to a cransauuci * , ; -.^ -t n i zr 

result of i.ducedflexure of ba. lO and piezoel.caic layers 12 and 14. 

It is an obj ect W 4his invention to ' provide an' improved 
piezoelectric transducer which exhibits an improved coupling coefficient. 

SUMMARY OF THE INVENTION 

■ tt », s t^t , i*.. 7 »• ° Ms ";TT 

th. apparent coupUn, co.«*ci.nt can. in pnncipl.. JP~.^. 

r „ „, rf „„ .lactroiechanical energy conversion, The key 

rrr rir r\. r ~rr==r-i 

devices. . 
. , tfDTP e 1 .- nRSCRIPTION THE - DRYINGS - . - 

... .rig! 1 is * schematic view of a -priofc art bimorph- transducer. . . ,. 

! " : ' . . „ f . Dr i or art bimorph .transducer 

.Fig. 2^ is' a ^ schematic vrex. of a prxor 

configured in accord With the invention hereof.. . , :■. ' 
' . , / Fig . >. is a-pl^of ^i.tion o, ."apparent" a.d. "proper", coupling 
coefficients with axial pre-load. 

Fig . , v is a perspeotiye .view. of a clamped- clamped bimorph test 
apparatus . , . , , 

Fi , 5 . ' is a schematic of bimorph- electrical impedance measurement 

•circuit used with the invention. : ' 



m . « u . Plot °* .-P-i— .ft*?.- -»«*-¥*'S¥*. .^-W- 

measurements . 

Fig . 7 ts a " plot of measured device: coupling coefficient ; as . a 
., function , of axial pre-load. . - ■.- ; '■ • ■ 

; Flg .. , : 8 ; is . ; , perspective .view \f \ ; an, ; axisy^ric transducer 
constructed in accord with the invention. . . „ :! ; , ,, .. ;,i , : < 

^^DES^^ ' " 

" It has been determined that the effective coupling coefficient of a 
pie 2 oelec:ric^evi,e, m a,>e increased by placi. ,h, supporting - ^ - 
piezoelectric transducer in compression. Inspection of Bq. 2, rep 
. here, using "device" .terms rather than "material" terms 



the 



show* that if, the .stiffness ^ : is., reduced, .wxthout ; affecting 

Vane, or. the. pie^ele^ic , .coupling. r , the , QPyplxng 

capacitance (,,)^.or stiffness.., approaches 

coef ficient will be increased. . Furttvermose, * 

zero/ the coupling coefficient will approach, unity . . , , . •: , ,r 
Device Configuration and Assumptions . > • ::.'.= '» " V 

The concept for increasing device electromechanical coupling 
coefficients using destabilizing mechanic " 
Fig 2 through consideration of a planar piezoelectrxc bxmorph 20 Fxg 

hows a scheltio o^such - device, as w fiil , S ,^e:- ; origi, and, orxenta xon 
of the coordinate system. Piezoelectric bxmorph 20 comprxses a base beam 
2 made of = = a hon-piezoelectric material, with thin layers 2 and 26 of 
piezoelectric material bonded to it^uppe* and -lower surfaces 
L one another,. In the most common realization, these P««» »« 
m onolithic pie Z oaerami,S.^d ar,.poled,in the .direction normal to the plane 
of the beam (along arrow 28). 

A bimorph ' operates in such ^ way that* electrical excitation in the 
poling direction 2B causes the beam to bend laterally. Thxs xs 
accomplished by driving ' -th fe piezo Ce£a Mc,, in opposition by application of 
voltage to electrodes 32 and 34, causing , an ^tension ^ of one ,axde 
contraction of the other. Base beam 22 (which in this embodxment xs 
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conductive) is placed under compression by application of force P to its- 
respective ends. The sandwiching piezoelectric layers also experience 
compression via interaction with base beam 22. Further, while the 
description will hereafter consider a device utilizing a base beam 22, it 
is to be understood that the piezoelectric layers may be directly bonded to 
each other, without a supporting base beam. Accordingly, the invention is 
to be considered as covering both configurations. 

For illustration, the device will be assumed to be simply supported, 
and modeled as a symmetric composite (multi-element) beam. Let cross- 
sections be identified by the longitudinal x coordinate 30, and let the 
lateral motion in the direction 28 of the midplane be denoted w(x) . The 
following kinematic assumptions are made: 

Transverse shear strains are negligible. Therefore, the longitudinal 
motion of a point , in a : cross-section, ujx) , is proportional to the 
bending rotation of the cross-section, and to the distance from the 
midplane., z. The deformation of the beam can be characterized fully 
by the, longitudinal normal strain, Sll- 

The beam is inextensible, 1 that is) changes in the developed length of 
the midplane are negligible. The axial load can only do work when 
the beam bends and its two ends move closer together. 

Since transverse shear strains are negligible, and neither Z 1 nor E 2 
is prescribed, the only electrical field of significance is E 3 . The 
■ electrical potential, O, is assumed to vary linearly through the 
. "~ thickness of the piezoelectric layers, h p , . but not at all along the 
length because- • th, ; upper, and lower surfaces are electroded 
(equipotential).. The .voltage,, V, at the outer surfaces, is the, same, 
■ - : and zero at th». innar surfaces. ■ - e ,:■ ■ ■■• 



(12) 



^- ^ ^^Ai Hons the material constitutive equations 
Under the preceding conditions, tne maucj-j. 

reduce to the following one-dimensional form: 



(13) 



. ! - ; ^racterized by the following geometric and material 
The *>cu. bimorph x. characterized by shoW n for later 

properties. Sample numerical values SI unit.) ; 



use. 



Base. Beam, (aluminum) 
hv> , thickness 

b ..... width, 
L length 



0.0010 
0.0X00. 
0.1000 . 



7.000e+1.0 
young's modulus ...... ^ 

2750 



p b density 



■ " -~ M Vw f PZ'T— 5A? full set cf material constants}- 
Piezoelectric Ceramic (PZT&A, rux q.0005 



hp thickness 

c E p ^ - Voung' s modulus (constant electric field) 6 . 152e + 10 
e p piezoelectric coefficient 

F S„ dielectric permittivity (constant strain) 

p D density 

(Note: Using Eq. 2. the material coupling coefficient, , 31 - 0.344.) 



-10.48 

1.330e-08 

7250 



Axial Load _ ^ _ , ^ ^ ,,,,,, r . .- 
P axial load" (compression is positive) 



Model' and Governing Equations ^ .. t ; r . ; v .,. r > , , 

soiution for t h , first „od.. The <*fleo"o„ •« «» » 

then given by: • . 

• ^ ("^."l^pral "deflection at the center of the 
where d(t) is the magnitude of the lateral aeriec 



D 
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.'.!!■■'■ 6.V-. 

' (15) 



Lmo A?h~irT7rJM ,.\fll..-.,. 

w the discrete displacement variable, V is the voltage across the 
where d is the discretely device Note that 

device terminals, , and Q is th, charg* ^-d on the 
direct > mechanical 'forcing of lateral *u*ipn is onatted. . 

The device electromechanical coefficients are: 

L (16a) 



mass m-MpA+^A)^ 
stiffness. - K ' -^f^^^CTl jj^J 1 

capacitance C* — 



(16b) 
(16c) 
(I6d) 
(16e) 



■piezoelectric coupling; f p: = 2fre^+/^^ ■■■ < ' 

• . ■ - ■ ■■ ■ ■ ^ ' 

. "geometric" .stiffness , f^P^| ^ 

' — •** - ; ^^r»'jrrr«.u» 

lateral stiffness of ,-he y ^ ^ ^ 

v. ^ will fully counteract K 6 and tne 
m ade high enough, Kg will nuxy critical 

v.-n*-v The corresponding value of P is * C r» 
verge of instability. xne r ^ . - ,• v - 

load for buckling- . . : ■, 

■ «- of the Axially-Loaded Piezoelectric Bimorph. 
. poupling Coefficients of the Axiaiiy 

Without axial load, 
stiffness associated with extensio £rac tion' is about 0.83. 



to electrical boundary condition.) yield, the some r..ult. , 

By doing electrical work on the -device (inline , charge. -* 

same result, 0.288. 
With axial load. 

-h. definition. of coupling coefficient u.ed in the preceding aw.t be 

coupling coefficients may be defined. 

apparent" coupling co.«i*»*,y th. axial lc« ; .imply .. . 

— - f ™t i^rr^ 

replacing # »«h the guantit, W rj 1*.^ PS W*. »-«* 

> stiff..... ' Eg. •> „reaue„cj>><- be ..«d: directly, Clearly, a. the lead 
approache, the bucfcling^ l«d. the ,apP.=ent„couplih, coefficient .approach., 
i.o. • ■ ' - ' - •'• ' •"• - ! ' ;: ' v • : ■> ^ ; •''" ,> 

" V : An energy approach can be adopted to yield similar results. Consider 
the following definitions of energy- and work-related quantities: 

W^W^W^' "here " W ^QV ' and ^ = 



(18) 



(19) 



? Clearly, Eq. 7 ' cannot be' used dirlclly as it could lead to coupling 
coefficients greater than 1.0. It might l be reasonably modified, however, 
to omit the work done by the mechanical pre-load from the mechanical strain 
energy, as follows: 



II 
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k 1 = 



U^rs, - W„ uch % ^' (20) 



2 Vtntch 



The numerator can be interpreted as that part of the mechanical 
enexgy stored that is;, due to the input, of electrical, energy, and Eq. 20 
.yields results consistent with .the stiffness reduction approach. An 
.alternate, approach involves: considering trhe ratio pf the one-way coupled 
energy to the electrical work input:. 

■ . k , ■ ■ - - ..- - ■ ■ . <21> 

This approach,, too, yields results consistent with the stiffness 
reduction approach. . •. 

-, "Proper" coupling coefficient. Although the "apparent" coupling 
coefficient appears to . be, . ,a practical definition based on , the 
, interconversion .of : mechanical .energy ; associated : with lateral deformation 
and electrical *ner S y,... A ^propeitf, ^upling coefficient might be defined by 
treating the work done by the compressive axial pre-load as work, and pot 
simply as a stiffness reduction. Such a definition would have the same 
general form as Eq. 6: 

JL !!sL _V a , r _ . r ^ ... — (22) 

Fig. 3 shows the theoretical ^ relationship between the "apparent" and 
"proper" coupling "coefficients ' for the piezoelectric bimorph and the axial 
pre-load. Two pairs of curves are shown: the lower pair corresponds to the 
nominal case of material coupling of 0.34, while the upper pair corresponds 
to material coupling of 0.70. In all cases, the device coupling 
coefficient increases initially as the load increases from zero. For both 
inherent material coupling values, the "apparent" coupling coefficient 
approaches 1 . 0 as the load approaches the buckling load, while the "proper- 
coupling coefficient attains a maximum value, then approaches 0.0 with 
increasing load. Even at modest pre-load levels, device coupling 
coefficients can increase substantially from their unloaded values, and can 
exceed the coupling coefficient of the active material used. 

The destabilizing pre-load is observed to increase bimorph device 
coupling coefficients, by either definition. In practice, however, because 
the pre-load may be obtained by passive design, the "apparent" coupling 



mechanical and electrical signals. 
EXPERIMENTAL 

compres^ve axxal pre 1 bimo£ph .consisted -of, a built-up 

pi^lectric bimbrphv The exper~men _ Asr sho „n in Fig. 4, the 

bea m under clamped-clamped ^J^^ _ piezoelect ric plate 

built-up beam comprised a brass b zirconate Titanate) . 

elements (Piezo Kinetics Xncor per d PK 50 ^ 

Clamped-clamped boundary conditions w r ^ 

„d brass beam ends between ^ with 

alUmlh t *T ~ - - ™ — "* * smair gap was le ft 
the outside surfaces of ^ . claraps and the PZT. This 

between the xnsxde surface , ^ . , pplied . , the brass 

.configuration ensured the- axial lo attached PZT. Screws 

base beam, thus avoiding direct axial- loading of th ^ 

■ to hbia the ^liknutf^bbks''irpla«'and to prevent any 

were used to nolo we ...... tfv.rtrical leads were- attached 

of the bimbrph specimen at the clamp' ends - Electrical lw 

using a low temperature solder. ; ' ' ' ' 

1 .—.«!.« the —^.l P-P««" «" "» "»" Ph """"""^ 
m „ hond.d to «h. b««. b«- -ith,.D.„co„ S. Minute* Ep»y, A —" 
The PZT w»s bono aiming Eccobond solder 56C mixed «!th 

»ount of conducting .poxy ,™ • « . ^ 

"" ?" d r«i ^ ii biodei to the *ich ^ 

electrical conduction of the PZT electro 

used as an electrical terminal. 
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Table 1. Bimorph material and geometry 



Material 
Property' 



Modulus 
[N/m A 2] 
Density 

[kg/m A '3} : ' J 
Gage length 

[mm! 

Width [mm] 
Thickness [mm] 
coupling 
coefficient 



Brass 

Base 

Beam 



105.0E+9 



8*470' 



15 

12.7 
0.8306 



Lead Zirconate 

Titahate 
PKI 500 



64.9E+9 * 

7 600 

75' 

12.7 

0.8611 

0.34 



+ short-circuit modulus 



differed from those assumed in the preceding 
The boundary conditions difterea trom . . Pf , 

substantially. :< , :i ; .«-■.-■. ' : '•■ 

• "^e e^btriUl 'i^edance ^ the ^imcr^ was deterged Werim^ly 
The electrx P turieh^ <V/i> in a circuit including 

bym aa S u r in g ,t h e of voltage^ , f the ^ ircuit ■ u.Wd in the 



: the 'bimorph .' : ' Figure 5 ' shows a 



Fiqure d snows a . .. , 

iWii r-ircuit R, was much smaller than the 

i„peda„c. of the bimorph (R »». Thus, ^th .j, ipp^t.X, 

- " bi " b ^ £ J"JX ---^ volt.ge^op' ..=^ 

e q ual to the voltage .cro., the j^iS...^ rector, the 

356 3A control syste. " signal t „ m o to 

initial drive voltage used ««s a 1.5 v„ s perioal 

k. >J „i b£ the signal analyzer' measured the voltage acro.s the 
1.6 Mi*. Channel 11 °' ™\"' t ,- ln bi.oo.ph, . and channel ,2 



electrical impedance. 



«, indeed -as result of the impedance- 

A low frequency ?ero ' ' • V . f . next zero (minimum value), f Z , 

meas urin g approach. The frequency o . th ■ - ^ ^ ^ y 

corresponded tc the ^^^^^ L rby pole value,, 
was very nearly r frequency c f the bimorph, as X 

fp , corresponded to P ^ ^ coefficient was determined 

was very nearl. »»• The a P P ^ ^ lo ^ d (p/Pct , fo r a 

using Eq. 9- The ratio of ,th.. ^ ; ' Ehort -circuit frequency, 

gi ven data point was estimated from the change i* . . ^ ^ follewing 
L (relative to its initial no-load, va.lue, , 



fz 

relation: 



• ; : ' ' • ■ to the specimen using a large 

A compressive, axial load was, ^plied to J* First , the bimorph was 

adj usta b le ; clamp, *^%^£^ With just enough pressure 

placed between the jaws of the md ? us& , ; . axi ally or 

to ensur, that the ^oad ^i-n. A frequency response 

rota te. --/^^^r "pedance was made using a periodic chirp drive 
measurement of electrical imp swe?t sine measurement was 

voltage, signal between 0 and 1.6 kHz. ;; N. ^ ^ 

Uar ^reauencv range containing 
m ade over , a much smaller .requency , ; y _ yielde d numerical 

' • ' ' a curve fit of the swept sine data y 



frequencies . ...... 

estimates for the zero and pole frequences 



the load was increased 

««. W 6 ' piot . „ t 

in „ rM „ 3 -This . increasing • separation cux. ^ 
relative separation increases. 

, an increase in apparent coupling coefficient,: , 

Fi ,. , shows .he measured apparent device -pli,,^^ 
. , j The svmb ols indicate the measured data, while the 
action o,.a X ial load The ,^ ^.descibea . in the preceding, 

solid, line is CU rv fi d ^ o q „ as re garded as 

In this curve fit, only y-n r . y - 
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uriki^wnV ''Note that 'the Coupling coefficient increases substantially as the ~ 
c^iressiVe pre-loa'd irfcr^Wses. In ^xirxcmy Abte the 3 general agreement of 
the N ' data With theory . 

Farther 'Embodiments ^ 

' "while the invention has betek • described in the context of a bxmbrph 
beam arrangement, it can also be configured in the form of a mohomorph or 
an axisymmetric device. Fig. 8 illustrates an axisymmetric device wherein a 
circular bimorph structure 40 is surrounded by a compression fitting 42 
which places the central support layer 44 under uniform compression about 
its periphery. Application of voltage to the sandwich layers of 
piezoelectric material will result in an actuating movement of the bimorph 



device . 



Further, if the device is to be used as a sensor, a voltage detector 
is connected to the piezoelectric electrodes, enabling changes in voltage 
thereacross to be sensed as a result of induced movements of bimorph 40. 
Also, instead of piezoelectric actuating devices, layers having different 
coefficients of thermal expansion than the center support beam can be 
adhered to the center support beam. The actuation of such a structure is 
accomplished by selective heating of the actuating layers, with the center 
beam held in compression as described above. 

in summary, a class of transducers has been identified in which the 
apparent coupling coefficient can, in principle, approach 10, 
corresponding to perfect electromechanical energy conversion. The key 
feature of this class of devices is the use of destabilizing mechanical 
pre-loads to counter inherent stiffness. Experimental evidence predicts a 
smooth increase of the apparent coupling coefficient with pre-load, 
approaching 1.0 at the buckling load. From energy considerations, two 
alternative device coupling coefficients have been defined: an "apparent 
coupling coefficient that treats the destabilizing pre-load as a ^uct.on 
in stiffness; and a "proper" coupling coefficient that explicitly treats 
the Pre-load as a source of mechanical work on the device. By either 
definition, device coupling coefficient increases initially as ^ 
increases from zero. As the load continues to increase towards the 
critical buckling load, the "apparent" coupling coefficient approaches 10 
while the "proper" coupling coefficient attains a maximum value, then 
approaches 0.0. Kven at modest pre-load levels device coupling 

coefficients can increase substantially from their unloaded J^ZllT 
exceed the coupling coefficient of the active material used. In practice, 



because the pre-load M y be obtained by passive d.eion, the -apparent- - 
™o Efficient be . better ..asur. or the useful couplin, between 
HJLt eneroy a.soci.ted with trovers, motion end electrical energy. 

This approach provides a way to s i»ultaneously increase both the 
operatic displacement and force or a piezoelectric device and , ^ . allow 
transducer designers- to achieve substanti al performance gains for actuator 



and sensor devices, 
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1. An actuator comprising: 
a) a support beam; 



b) means for placing sai^upp^t beam in compression; ' 

c) a first layer of material adhered to a first surface of said 
support beam; • - 

d) means for causing movement or' said' first layer of Material " to 
cause a flexure of said layer of material and said support beam. 

2. The actuator as recited in claim 1, wherein said first layer of 
material is a piezoelectric material. 

3 The actuator as recited in- claim % wherein a second layer of 
piezoelectric material is adhered to an opposing surface of said support 
Lam and said means ^ for causW niov^nt further causes a moveme n-f saxd 
second layer in such a manner as to aid in the movement of saxd support- 
beam that is induced by said first layer. 

4 The actuator as recited itf claim 1 wh^ein said support beam is 
symmetric about an axis that is orthogonal to said first surface of sa.d 
Sport beam and said means f^ plkcih, said support b eam in con.ressx on 
applies substantially uniform compr^ive force, about a periphery of ..xd 
support beam. . , : 

5 The actuator as recited in claim 1 wherein said support beam ^ 
elongated and is supported at opposed extemities thereof by 
which further apply opposing compressive forces thereto. 

6 ' The actuator as recited in claim 1, wherein said first ^ayer of 
materili^eviaences a tne^al Coefficient of expansion t^t xs Afferent 
t han a thermal coefficient of expansion of said support beam. 

The actuator as recited in claim 6, wherein a ..con d l.y-j : of 

of material : evidencing a -thermal coefficient of expansa.cn that ,s 



* „ of said support beam and said means for 



said first layer. 



^•d in claim 7 wherein said support beam is 
8. The actuator as recited in claim surfaC e of said 

• is orthogonal to said first suiw 

symmetric about an axis that is « th « orfc beam in compression 

support beam and said means for ^ a peripne ry of said 

applies substantially, uniform compress^, .orces . 

support beam. 

• ^rf in claim 7 wherein said support beam is 
9. The actuator as recited « *™ thereof by suppo rt means 

elongated and is supported at opposed extemiti 
whi ch. further apply opposing, com ? ,ess^e . forces thereto. . 

10. A transducer comprising: 

a) a support beam; ' 

b , , „e,„s tot pi.** in co»P««i- . 

support, .beam.;. A -, - • v * ' 15 ■"' >r ' " : * 

d) means for responding to * ^-ure of said ^ayeV of material and 
said support,, beam for outputting ; a sig,,l indicative, th.repf. _ . 

■"'^ : - " V:1 :- V as ' recited, inrclaim 10,/ wherein' said first layer 

.... ..,4^. V vThe...itr^^sclu«5er : ,.as ; recirea:..x , . ._. {j „ ..... : . J: . .... ., . 

.of material is- a piezoelectric mat:er:Ul, ; l . ; „ , ,,. 

* ~r as recited in claim 11, wherein a second layer of 

10 Th*» transducer as reciteu 



piez.o 
beam. 



' ' „ recited' in'claim 10 wherein " said support beam 
. s thiriforthogonal to said first surface of sai< 
i S; ,ymmet,ic about an axis, that i o^ j compressi on 

support beam,and said means ^™ ^ about . periphery of said 
applies substantially uniform compressive, rpr ; ...... 

support beam. 

** rV ^.'^ claim 10 wherein said support beam 

14 The transducer., as ,reqitea\..in .claim [ ? f y. .. . , 
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means which further apply opposing compressive forces thereto. 
!:1 15. Ail actuator comprising 

a) a beam comprising a first layer of material and a second layer 
of material bonded to said first layer; ... 

b) means for placing Said "Ifeam in compression; and ' ' ' " 

c> means for causing- m6Vemen£ bf sai^ first layer and second layer 
to cause a flexure of said beam. 

16 The actuator' is recited & claim 15/ wherein said-first layer of 
material and second layer oi ma^ria^ ire ' comprised of piezoelectric 
materials . 

17 The actuator as recited in claim 16, wherein said means for 
causing movement causes a movement of said second layer in such a manner as 
to aid in the movement of said beam that is induced by said first layer. 

18. The actuator as recited in claim 15, wherein said beam is 
symmetric about an axis that is orthogonal to said first surface of said 
beam and said means for placing said support beam in compression appl.es 
substantially uniform compressive forces about a periphery of said beam. 

19. The actuator as recited in claim 15, wherein said beam is 
elongated and is supported at opposed extemities thereof by support means 
which further apply opposing compressive forces thereto. 

20. The actuator as recited in claim 15, wherein said first layer of 
ma terial and second layer of material evidence different thermal 
coefficients of expansion. 

21. A transducer comprising: 

a, a beam comprising a first layer of material and a second layer 
of material adhered to said said first layer of material; 

b) means for placing said support beam in compression; and 

c, means for responding to a flexure of said first layer of 
serial and said second layer of material for outputting a s.gnal 



indicative thereof. . : . . 

H„^r as recited in claim 21, wherein said first layer 

22. The transducer as recicea j- 

„,< laver of material are comprised of 
of material and said second layer 

piezoelectric materials.. 

23. The transducer as recited in dain, 22. wherein 
sy^etric ahout an that is orth^oh.l to . first .«.««. 
JT aid „.,ns for piacin, .aid support pea* in '"""J* 
suost.ntiaily uniform compressive forces about a periphery of said beam. 

24. The transducer as recited in claim 22. wherein said support beam 
ls elongated and is supported.t opposed enmities thereof hv. support 
means, which further apply .opposing compressive forces thereto. , . ... 
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to analyzer 

(proportional to voltage 
in bender) 




Drive / p\ p- 
Voltage^ J 



» |PZT bender] ^— P 



-« to analyzer 

(proportional to current 
in bender) 
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